Iliff BW, Swoap SJ. Central adenosine receptor signaling is necessary for daily torpor in mice. Am J Physiol Regul Integr Comp Physiol 303: R477-R484, 2012. First published July 11, 2012 doi:10.1152/ajpregu.00081.2012.-When calorically restricted at cool ambient temperatures, mice conserve energy by entering torpor, during which metabolic rate (MR), body temperature (Tb), heart rate (HR), and locomotor activity (LMA) decrease. Treatment with exogenous adenosine produces a similar hypometabolic state. In this study, we conducted a series of experiments using the nonspecific adenosine receptor antagonists aminophylline and 8-sulfophenyltheophylline (8-SPT) to test the hypothesis that adenosine signaling is necessary for torpor in fasted mice. In the first experiment, mice were subcutaneously infused with aminophylline while Tb, HR, and LMA were continuously monitored using implanted radiotelemeters. During a 23-h fast, saline-treated mice were torpid for 518 Ϯ 43 min, whereas aminophylline-treated mice were torpid for significantly less time (54 Ϯ 20 min). In a second experiment, aminophylline was infused subcutaneously into torpid mice to test the role of adenosine in the maintenance of torpor. Aminophylline reversed the hypometabolism, hypothermia, bradycardia, and hypoactivity of torpor, whereas saline did not. In the third and fourth experiments, the polar adenosine antagonist 8-SPT, which does not cross the blood-brain barrier, was infused either subcutaneously or intracerebroventricularly to test the hypothesis that both peripheral and central adenosine receptor signaling are necessary for the maintenance of torpor. Intracerebroventricular, but not subcutaneous, infusion of 8-SPT causes a return to euthermia. These findings support the hypothesis that adenosine is necessary for torpor in mice and further suggest that whereas peripheral adenosine signaling is not necessary for the maintenance of torpor, antagonism of central adenosine is sufficient to disrupt torpor. hibernation; aminophylline WHEN EXPOSED to a low ambient temperature during a period of restricted caloric intake, both wild and laboratory strains of the laboratory mouse Mus musculus enter bouts of daily torpor (20, 21, 26) . During a torpor bout, metabolic rate (MR) decreases to a level below the basal metabolic rate, and core body temperature (T b ) falls well below 37°C (21, 31, 38) . Likewise, heart rate (HR) and blood pressure (BP) drop substantially and locomotor activity (LMA) decreases to near zero (31, 38). In laboratory mice, daily torpor is typically 6 -7 h in length, after which MR, T b , HR, BP, and LMA return to levels typical during euthermia (15, 21, 31) .
similar to torpor, raising the question of whether endogenous adenosine might be involved in torpor regulation (2, 13, 31, 32, 41) . Adenosine acts as a signal of metabolic stress acting on the inhibitory A 1 adenosine receptor during hypoxia to reduce metabolic rate (6) . Peripherally, adenosine's effects are in some ways similar to the cardiovascular changes of torpor, although there are important differences. Adenosine acts on A 1 receptors in the heart to decrease HR, mimicking torpor. However, activation of adenosine A 2A receptors in vascular endothelium and smooth muscle produces vasodilation, whereas total peripheral resistance is thought to dramatically increase during torpor (3, 23, 30, 31, 34) .
In addition to its torpor-mimicking metabolic and cardiovascular effects, adenosine acts on neural pathways that are likely involved in the regulation of torpor. Adenosine promotes sleep through A 1 -mediated inhibition of the cholinergic basal forebrain, and torpor is entered through the state of non-rapid eye movement (NREM) sleep (1, 4, 19) . Furthermore, the neurological state during torpor is similar to sleep (10, 11) . A 1 -and A 2 -specific adenosine receptor agonists also inhibit GABA release from cultured arcuate nucleus neurons; the presence of a functioning arcuate nucleus is necessary for torpor in mice, suggesting that adenosine may have a role in regulating torpor centrally at the level of the arcuate nucleus (8, 9, 17, 28) .
Further supporting a role for neuronal adenosine signaling in the regulation of torpor is the finding that intracerebroventricular injection of an A 1 receptor antagonist during the initiation phase of seasonal torpor causes a return to euthermia in hibernating Syrian hamsters (Mesocricetus auratus) (35) . Similarly, intracerebroventricular injection of an A 1 antagonist reverses the onset of seasonal torpor in arctic ground squirrels (Spermophilus parryii), and intracerebroventricular injection of an A 1 agonist is sufficient to initiate torpor when administered during the hibernation season (22) . Because the effects of adenosine receptor activation mimic torpor in mice and adenosine receptor blockade interrupts hibernation in Syrian hamsters and arctic ground squirrels, we sought to determine whether adenosine receptor signaling is necessary for daily torpor in mice. While seasonal torpor seen in hibernators shares many similarities with daily torpor, there are also key differences, and it should not be assumed that the regulatory mechanisms governing the two states are identical (16, 40) . Notably, the triggering mechanisms can be different: Djungarian hamsters can enter daily torpor after acclimation to a short photoperiod, whereas Syrian hamsters enter torpor in a cold environment even without a change in photoperiod, and seasonal torpor in Syrian hamsters can be triggered either by a short photoperiod or by cold ambient temperature (12, 18, 37) . In contrast, decreased temperature and reduced food availability trigger daily torpor in mice (15) . Using a series of four experiments, we evaluated whether blockade of central or peripheral adenosine receptor activation is sufficient to prevent the initiation and maintenance of torpor.
MATERIALS AND METHODS

Animals.
Male C57BL/6J mice were either bred locally for peripheral drug infusion experiments or purchased from The Jackson Laboratory (Bar Harbor, ME) with a cannula preimplanted in the lateral ventricle for central drug infusion experiments. Between experiments, mice were individually housed at ϳ25°C (Ϯ1°C) with a 12-h light phase and a 12-h dark phase. During each experiment, ambient temperature was set at 20°C (Ϯ0.5°C) to trigger torpor in fasted mice. Experiments were run between the beginning of the dark phase and 1 h before the start of the next dark phase, with the last hour of the light phase reserved for animal care. Mice were fed ad libitum except in cases where noted. All experiments were conducted according to a repeated-measures, crossover design. All procedures were approved by the Williams College Animal Care and Use Committee.
Radiotelemeter and cannula implantation. Each mouse was implanted with a telemeter (weight ϭ 2.7 g) capable of measuring T b, HR, and LMA (TA10ETA-F20; Data Sciences International, St. Paul, MN). Mice were anesthetized with 5% isoflurane in oxygen, followed by maintenance with 2-2.5% isoflurane. The telemeter was implanted in the abdominal cavity, and ECG leads were placed subcutaneously, approximating a Lead II configuration. A custom-made 25-gauge stainless steel subcutaneous cannula was implanted intrascapularly in mice used for experiments 1, 2, and 3. Meloxicam (5 mg/kg every 24 h, sc) was administered for perioperative and postoperative analgesia. In experiment 4, C57Bl/6J mice were purchased from The Jackson Laboratory with an intracerebroventricular cannula preimplanted. A heating pad was used during surgery, and each cage was placed on a heating pad for 48 h after surgery. Mice were allowed to recover for at least 7 days before experimental testing.
Experiments. Four experiments were performed to investigate the role of adenosine receptor signaling in the regulation of torpor. All experiments were conducted according to a repeated-measures, crossover design. All drugs were purchased from Sigma-Aldrich (St. Louis, MO). Compounds given subcutaneously were administered in sterile 0.9% NaCl solution, while those given intracerebroventricularly were administered in sterile phosphate-buffered saline (PBS). Drug infusion through subcutaneous or intracerebroventricular cannulas was controlled using a calibrated syringe pump (PHD-22; Harvard Apparatus, Holliston, MA), connected via polyethylene tubing to a cagetopmounted swivel (375/25PS; Instech Laboratories, Plymouth Meeting, PA). Telemeter data were sampled from receivers (RPC-1, Data Sciences International) for 5 consecutive seconds each minute. Before each experiment, the adenosine receptor antagonist treatment was validated using an adenosine or AMP hypothermia assay. In this assay, an adenosine antagonist was administered, followed by injection of either adenosine or AMP (experiment 1: 100 mg/kg AMP ip, experiment 2-3: 100 mg/kg adenosine ip, experiment 4: 30 g adenosine icv). We have previously shown that hypothermia induced by peripheral AMP administration can be blunted by administration of the adenosine receptor antagonist aminophylline (32) . Average T b from the period 60 min before adenosine-AMP injection was compared with the 60 min following injection.
For experiment 1, mice (n ϭ 7) were either fed ad libitum or fasted at the start of the dark phase and were either continuously infused subcutaneously with aminophylline (6 mg·kg Ϫ1 ·h Ϫ1 ) or saline. Infusion was also initiated at the start of the dark phase. Experiments 2-4 tested the ability of adenosine antagonist infusion to interrupt daily torpor bouts. Mice were fasted starting at the onset of the dark phase. Infusion of the adenosine antagonist or saline was initiated during the first torpor bout of the light phase, which was typically 1 h into the light phase (see RESULTS for precise times). Mice were considered to be in torpor if T b was both below 34°C and had declined in each minute of the previous 15 min. A T b of 34°C was used as the threshold for torpor, according to a previously described mathematical approach for differentiating torpor from normothermia (39) . In experiment 2, torpid mice (n ϭ 4) were infused with subcutaneous saline or aminophylline over 20 min (final dosage: 100 mg/kg) to evaluate whether adenosine signaling is necessary for the maintenance of torpor. The third and fourth experiments used the polar adenosine receptor antagonist 8-sulfophenyltheophylline (8-SPT), which does not cross the blood-brain barrier (27, 29) . In experiment 3, once the mice became torpid, they were infused with saline or 8-SPT subcutaneously over 20 min to achieve a final dosage of 50 mg/kg. In experiment 4, torpid mice were infused with PBS or 8-SPT intracerebroventricularly (10 g in 5 l vehicle). In each experiment, mice were allowed at least 7 days before treatment with the other infusate.
Indirect calorimetry. Metabolic rate was measured by indirect calorimetry during experiment 2. Mice were housed in standard, clear, polycarbonate mouse cages (volume approximately 7 liters) fitted with an air-tight seal on the top and inflow and outflow ports for air exchange. Room air was dried with calcium sulfate and pumped into the cage at a regulated flow rate of 350 ml/min. Outflow from the cage was pulled through an O 2 analyzer at a rate of 140 ml/min (S-3A/II; AEI Technologies, Naperville, IL). Up to three cages were serially sampled, with an empty cage serving as a reference. Ambient pressure and temperature were concurrently measured electronically (APR-1 and C10T, Data Sciences International, St. Paul, MN). Data from gas sensors were digitized and recorded using LabVIEW 8 (National Instruments, Austin, TX), while pressure and temperature data were recorded using Dataquest A.R.T. 3.01 acquisition and analysis software (Data Sciences International, St. Paul, MN).
Data analysis. All results are reported as means Ϯ SE. Statistical analyses were performed in SPSS 15.0 (IBM, Armonk, NY). In experiment 1, a repeated measured ANOVA was performed, with fed/fasted condition and saline/aminophylline treatment condition as within-subject variables. Post hoc comparisons were made between all conditions, with Bonferroni correction for multiple comparisons. For all other experiments, paired t-tests were performed between control and experimental conditions. The ␣ level for significance was set at 0.05. 
Body temperature and heart rate were recorded from mice for 23 h while either fasted or fed and infused with either saline or aminophylline. Notably, aminophylline treatment significantly elevated the minimum total body temperature (Tb) and average heart rate (HR) in the fasted mice compared with saline treatment. *P Ͻ 0.05 vs. fed saline condition. †P Ͻ 0.05 vs. fed aminophylline condition. ‡P Ͻ 0.05 versus fasted saline condition. §One outlier mouse entered torpor in every condition and was excluded from this analysis.
RESULTS
Verification of adenosine receptor blockade.
Before the torpor experiments, each adenosine receptor antagonist treatment was tested for its ability to blunt adenosine-induced hypothermia. Continuous subcutaneous aminophylline infusion ( Experiment 1: continuous aminophylline infusion. In the first experiment, mice were either fed or fasted for 23 h and infused subcutaneously with either saline or aminophylline (6 mg·kg Ϫ1 ·h Ϫ1 in a volume of 20 l/h). Body mass in the fed condition, excluding telemeter mass, was 29.7 Ϯ 0.4 g, whereas body mass before fasting was 29.8 Ϯ 0.4 g. All seven mice entered a least one torpor bout when fasted at 20°C and infused with saline (see summary data in Table 1 ). One outlier mouse unexpectedly entered torpor in every condition, including both fed conditions, and was therefore excluded from analyses. Exclusion of this mouse did not impact statistical significance of the results. Figure 1 depicts the T b (A), HR (B), and activity (C) for a typical mouse during a 23-h period in all four conditions. Feeding status-treatment interaction effects were significant for minimum T b , average T b , time until the first torpor bout, average torpor bout length, total time in torpor, and number of torpor bouts. In the fed state, aminophylline significantly increased the minimum T b and average T b of mice with no impact on the HR of the mice (Table 1) , exerting its effect primarily during the light phase (Table 2 ). In the fasted condition, aminophylline treatment appeared to blunt daily torpor in the mice, as it significantly increased minimum T b and average T b (Table 1) , and increased the delay after the onset of fasting before the onset of torpor (Fig. 2) . Aminophylline also reduced the average bout length 4-fold and total time in torpor in the fasted condition 10-fold (Fig. 2) .
Experiment 2: acute aminophylline infusion. In the second experiment, mice were fasted at an ambient temperature of 20°C, and saline or aminophylline (100 mg/kg in a volume of 100 l) was infused subcutaneously during the first torpor bout of the light phase to determine whether adenosine receptor activation is necessary for the maintenance of torpor. Mice were implanted again with telemeters that reported HR, T b , and activity, with all measurements made while concurrently measuring MR. Before the start of fasting, the body mass of the mice was 24.2 Ϯ 0.1 g, excluding telemeter mass. Infusion started 61 Ϯ 11 min after the start of the light phase. At the beginning of infusion, MR was 0.50 Ϯ 0.08 ml O 2 /min , T b was 28.2 Ϯ 1.0°C, HR was 186 Ϯ 30 beats/min, and the mice were inactive for at least 15 min. There was no significant difference between the two groups in any of the measured parameters at the start of infusion. Whereas infusion of 100 l of saline . These measures first diverged after ϳ10 min of infusion. All measures were significantly different by 45 min after the start of infusion and significant differences persisted for several hours after infusion (Fig. 3) .
Experiment 3: acute peripheral 8-SPT infusion. After finding that treatment with the adenosine receptor antagonist aminophylline was sufficient to prevent both the induction and maintenance of torpor bouts, further experiments were conducted using the polar nonselective adenosine receptor antagonist 8-SPT. In the third experiment, mice with a body mass of 23.9 Ϯ 0.2 g (excluding telemeter mass) were fasted from the start of the dark phase and infused subcutaneously with saline or 8-SPT (50 mg/kg at a concentration of 10 mg/ml) during the first torpor bout of the light phase. Infusions were conducted . Whereas peripheral aminophylline treatment resulted in significant and persistent differences in all physiological and behavioral variables within 45 min (see Fig. 3 ), mice peripherally treated with 8-SPT were not significantly different from the saline-treated control condition at any point within 6 h after infusion (Fig. 4) . 
DISCUSSION
Here, we present evidence that central adenosine receptor signaling is involved in the regulation of daily torpor in mice. First, continuous blockade of adenosine receptors by the nonselective antagonist aminophylline significantly blunts induction of fasting-induced torpor in mice. Administration of aminophylline in fasted mice increased T b to a greater extent than aminophylline treatment in the fed condition, suggesting the mice are under greater adenosine tone when fasting. Second, when administered to torpid mice, acute peripheral infusion of aminophylline induces arousal, causing a return to euthermia along with a normalization of MR, HR, and activity. It seems unlikely that the mice were disturbed greatly by the actual infusion, as saline-infused mice did not arouse from torpor. Third, acute peripheral infusion of 8-SPT, an adenosine receptor antagonist that does not cross the blood-brain barrier, does not initiate rewarming. Finally, intracerebroventricular injection of 8-SPT in torpid mice is sufficient to interrupt a torpor bout, causing increased T b , HR, and LMA relative to salinetreated controls. Taken together, these results suggest that central adenosine receptor activation is necessary for torpor initiation and maintenance in mice, whereas peripheral adenosine receptor activation is not required.
The mouse is the third species in which adenosine and the central adenosine receptor has been implicated in the regulation of torpor, and the first for daily torpor. Similar to our findings using the nonspecific adenosine receptor antagonist 8-SPT in mice, Tamura et al. (35) found that in Syrian hamsters (Mesocricetus auratus), central A 1 receptor blockade during the induction phase of seasonal torpor is sufficient to induce arousal and cause a return to euthermia. However, A 1 receptor blockade 30 h into the multiday bout of torpor did not trigger arousal, suggesting that maintaining a multiday torpor bout has additional mechanisms separate from initiation of torpor (35) . Furthermore, A 2 receptor blockade at any time is not sufficient to block torpor in Syrian hamsters (35) . Similarly, A 1 receptor activation has been associated with the regulation of seasonal torpor in arctic ground squirrels (Spermophilus parryii). Jinka et al. (22) found that when a selective A 1 adenosine receptor agonist is injected intracerebroventricularly outside of the hibernation season, it causes a small decrease in MR and T b but does not initiate a deep bout of torpor; in contrast, when the same dose of the agonist is administered during hibernation season, arctic ground squirrels experience a persistent drop in MR and T b that is consistent with seasonal torpor (22) . Importantly, Jinka et al. found that intraperitoneal injection of pentobarbital did not induce torpor, suggesting that specific activation of A 1 receptors, and not simply a general depressant effect, is required for seasonal torpor. Similar to the results in hamsters, onset of torpor in arctic ground squirrels was reversed by intracerebroventricular injection of an A 1 receptor antagonist but not an A 2 antagonist. Taken together, the finding that central A 1 receptor activation is necessary for seasonal torpor in both Syrian hamsters and arctic ground squirrels strongly supports our results suggesting that central adenosine signaling is necessary for daily torpor in mice.
It is important to distinguish between the low T b of daily torpor induced by fasting from the hypothermia induced by peripheral administration of adenosine or its nucleotides. Peripheral administration of pharmacological doses of adenosine, AMP, ADP, or ATP has long been known to induce a hypothermic state (2, 13, 41) . Indeed, we took advantage of this hypothermic effect to validate that administration of aminophylline and 8-SPT were successfully antagonizing adenosine receptors. The data generated herein distinguish between the two types of low T b . Adenosine-(or AMP-) induced hypothermia can be prevented by the peripheral administration of an adenosine receptor blocker that does not cross the blood-brain barrier, suggesting that pharmacological doses of adenosine or its nucleotides act peripherally. These data are consistent with the peripheral actions of adenosine, which has direct negative inotropic and chronotropic effects on the heart resulting in tissue hypoxia and hypometabolism (3, 30) . However, only central infusion of the antagonist 8-SPT (or peripheral infusion of aminophylline, which crosses the blood-brain barrier), is capable of inducing arousal from fasting-induced daily torpor in mice, suggesting a distinct central adenosinergic pathway regulates torpor. Indeed, unpublished observations from our lab show that circulating lactate, a marker of anaerobic metabolism, declines during fasting-induced torpor but is elevated fourfold when mice are treated peripherally with adenosine. Furthermore, normal ECGs are observed during T b cooling associated with central adenosine receptor activation in Syrian hamsters, whereas forced hypothermia with pentobarbital leads to cardiac electrical abnormalities (25) .
While our study did not address the mechanism(s) by which adenosine receptor blockers blunted daily torpor in the mouse, we suggest two possible mechanisms that are not mutually exclusive and certainly not inclusive of all possibilities. First, adenosine is closely involved with the regulation of sleep, acting as a somnogen (14) . Daily torpor is closely related to sleep and is entered through NREM sleep (11, 14, 19) . Adenosine antagonists increase wakefulness through modulation of the A 2A adenosine receptor, suggesting that antagonist treatment may have prevented sleep and thereby inhibited torpor (5) . Another possibility is that adenosine acts centrally to inhibit sympathetic nervous system (SNS) activity during torpor (24, 36) . In fact, we and others (7, 33) have shown the importance of SNS in the initiation of torpor and arousal from torpor in mice. Blockade of adenosine signaling could disinhibit the SNS, resulting in increased thermogenesis and HR and a return to euthermia.
Perspectives and Significance
In this study, we have shown that treatment with the nonspecific adenosine receptor antagonist aminophylline can prevent the induction of torpor in mice and interrupt torpor maintenance. Furthermore, we have shown that central, but not peripheral, infusion of the polar antagonist 8-SPT is sufficient to induce arousal when administered to torpid mice. These results suggest that central adenosine signaling is necessary for the maintenance of torpor and that adenosine may be involved in torpor induction. Research in other rodents suggests that A 1 receptors may mediate the regulation of daily torpor by adenosine. Further research will test this hypothesis and clarify the mechanism by which adenosine causes the physiological changes that occur in torpor.
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